Introduction {#Sec1}
============

Smooth pursuit eye movements are essential to obtain accurate visual information about slowly moving objects. During smooth pursuit, response delays are compensated to maintain target images on the foveae; however, neuronal mechanisms of this predictive pursuit are still poorly understood (e.g., Becker and Fuchs [@CR4]; Barnes and Asselman [@CR3]; see Leigh and Zee [@CR33] for review). To examine neuronal substrates for predictive pursuit, the discharge related to movement preparation must be distinguished from the discharge related to processing of target motion signals or their memory (e.g., Assad and Maunsell [@CR2]; Collins and Barnes [@CR12]). Moreover, in daily life, there are many moving objects necessitating selection of a specific target, and for this, a decision of whether to pursue is also necessary.

To examine the neuronal substrates for these functions, we trained Japanese monkeys to perform a memory-based smooth pursuit task (Shichinohe et al. [@CR39]). In this task, we used 2 cues, cue 1 for visual motion and cue 2 for decision to prepare to pursue (i.e., *go*) or not to pursue (i.e., *no*-*go*). Based on the memory of the visual motion-direction presented at cue 1 and the *go*/*no*-*go* instruction presented at cue 2, monkeys had to select the correct pursuit direction or not pursue at all. We have shown that the SEF contains separate signals reflecting memory and assessment of visual motion-direction, the decision of not-to-pursue during *no*-*go* trials, and movement preparation during *go* trials (Shichinohe et al. [@CR39]). An important question is how these signals are generated in the SEF.

MST, an essential area for visual motion processing, contains at least two major subdivisions: the dorsomedial MST (MSTd) and ventrolateral MST (MSTl) (Desimone and Ungerleider [@CR13]; see Leigh and Zee [@CR33] for a review). Most MSTd neurons have large visual receptive fields and strong directional selectivity for visual motion and discharge during, typically after the onset of, smooth pursuit eye movements (Saito et al. [@CR38]; Komatsu and Wurtz [@CR30]; Newsome et al. [@CR36]; Graziano et al. [@CR22]; cf. Ferrera and Lisberger [@CR17]). Celebrini and Newsome ([@CR9], [@CR10]) reported the involvement of MSTd in perceiving visual motion. Gu et al. ([@CR23], [@CR24]) suggested that MSTd neurons are involved in object motion perception by integrating eye and head movement-related signals (also Liu and Angelaki [@CR34]). In contrast, MSTl contains visual tracking neurons that respond best to motion of small spots of light and discharge before the onset of smooth pursuit eye movements (Thier and Erickson [@CR40]; Ferrera and Lisberger [@CR17]; Dicke and Thier [@CR14]; Ilg et al. [@CR28]). Since MST, especially MSTd, sends direct projections to the SEF (Huerta and Kaas [@CR27]), it is possible that the above SEF signals come from MSTd.

In the present study, we examined neuronal activity in MSTd during the memory-based smooth pursuit task (Shichinohe et al. [@CR39]). If the SEF signals that code memory of visual motion-direction come from MSTd, we should observe signals in MSTd that are similar to those in the SEF. Some of our results have been presented in preliminary form (Kurkin et al. [@CR32]).

Materials and methods {#Sec2}
=====================

General procedures {#Sec3}
------------------

Two monkeys (Macaca fuscata, Jl and Sh, 5--6 years old) were used. These monkeys were the same monkeys previously used for the analysis of SEF neuron discharge during memory-based smooth pursuit (Shichinohe et al. [@CR39]). MST recordings were obtained during the same months while neuronal recording was made in the SEF. All procedures complied with the National Institutes of Health guidelines for the Care and Use of Animals. Our specific procedures were approved by the Animal Care and Use Committee of Hokkaido University School of Medicine. Our methods for animal preparation, training, recording, and data analysis are described elsewhere in detail (e.g., Fukushima et al. [@CR20]; Shichinohe et al. [@CR39]) and are briefly summarized here. Each monkey was sedated with ketamine hydrochloride (5 mg/kg, i.m.) and then anesthetized with sodium pentobarbital (25 mg/kg, i.p.). Additional anesthesia (0.5--1.0% halothane mixed with 50% nitrous oxide and 50% oxygen) was administered as necessary. Under aseptic conditions, head holders were affixed to the skull of each monkey. Vertical and horizontal components of eye movements were recorded using a scleral search coil (Fuchs and Robinson [@CR18]).

A recording chamber was stereotaxically implanted (center aimed at posterior 5 mm and lateral 15 mm) on the skull to allow single-unit recording in MST (e.g., Komatsu and Wurtz [@CR30], [@CR31]; Newsome et al. [@CR36]; Akao et al. [@CR1]; Fujiwara et al. [@CR19]). Analgesics (pentazocine, 0.2 mg/kg) and antibiotics (flomoxef sodium, 50 mg/kg) were administered postsurgically.

Behavioral paradigms and recording procedures {#Sec4}
---------------------------------------------

Each monkey was seated in a primate chair in darkness with the head firmly restrained, facing a 22-inch computer display (Mitsubishi, RDF 221S, 120 Hz) placed 65 cm away from the eyes. Visual objects (spot and random-dot pattern, see below) were presented in the central 20° by 20° of the visual field. The task conditions are schematically illustrated in Fig. [1](#Fig1){ref-type="fig"}. A red stationary spot (0.5° diameter) appeared in the center, and the monkeys were required to fixate it (Fig. [1](#Fig1){ref-type="fig"}, 1. fixation). At cue 1, a random-dot pattern was presented (each 0.5° spot, occupied 40% of the 20° × 20° area, \~600 dots) and was moved along one of the 8 directions separated by 45° at 10°/s for 0.5 s (Fig. [1](#Fig1){ref-type="fig"}, 2. cue 1); horizontal (right or left), vertical (up or down), or 4 diagonal directions. Each dot in the pattern moved in the same direction (i.e., 100% correlation, Newsome and Pare [@CR35]). In successive trials, the direction of the moving pattern (e.g., right or left) was random but of equal frequency for each direction. The monkeys were required to remember the color of the pattern and the movement direction. After a delay (Fig. [1](#Fig1){ref-type="fig"}, 3. delay 1 of 1--4 s, typically 2 s), a stationary pattern was presented as the second cue for 0.5 s (Fig. [1](#Fig1){ref-type="fig"}, 4. cue 2) (each 0.5° spot, presented across 40% of the 20° × 20° area, \~600 dots). If the color of cue 2 was the same as the cue 1 color, it instructed the monkeys to prepare to pursue a spot that would move in the direction instructed by cue 1 (i.e., *go*). If the cue 2 color differed from the cue 1, it instructed the monkeys not to pursue (i.e., *no*-*go*) but to maintain fixation on a stationary spot. After the second delay (Fig. [1](#Fig1){ref-type="fig"}, 5. delay 2, typically 2 s), the monkeys were required to perform the pursuit eye movement by selecting the correct spot (Fig. [1](#Fig1){ref-type="fig"}, 6. action). For this, the fixation spot remained stationary, but spawned 2 identical spots; one moved in the direction instructed by cue 1 and the other moved in the opposite direction at 10°/s. The monkeys were required to respond correctly, either to pursue the correct spot or not to pursue (i.e., *no*-*go*) by remaining fixation of the stationary spot. The frequency of occurrence of the fixation condition was set at 24% of the trials, and in the remaining 76%, the monkeys were required to pursue one of the 2 moving spots as described above.Fig. 1The task conditions. For further explanation, see text

Reward circuits compared the monkeys' eye position signals with the position signals of the stationary spot during the initial fixation, cue 1, cue 2, and two delay periods and with the correct target spot during the action period (Fig. [1](#Fig1){ref-type="fig"}). If the monkeys' gaze was within the error window of ± 2°, apple juice was automatically delivered to the animal at the end of each trial (Fig. [1](#Fig1){ref-type="fig"}, reward). If the monkeys' gaze was outside the error window, the trial was aborted and was restarted. The monkeys were also trained to perform the task while cue 1 and cue 2 colors were changed. Typically, we prepared 5 sets of different colored dots, and each set was presented randomly within the block. The monkeys were trained to perform this task over several months to a year. By the time, we started MST recordings, the error rate was less than 10%.

Extracellular recordings were made in the 2 monkeys. Once task-related neurons in MST were isolated (See "[Data analysis](#Sec5){ref-type="sec"}"), we determined preferred directions for their responses by moving cue 1 along different directions using 100% correlation (Newsome and Pare [@CR35]). To estimate the receptive field size of individual MST neurons and to examine whether the receptive field included the ipsilateral hemifield, we also used smaller cue 1 size (e.g., 5° × 5°, or 10° × 10°) and shifted the center of the cue 1 by 12° from the center of the display to left, right, up, or down.

For cue 1, we also moved each dot randomly using 0% correlation in a block of trials (Newsome and Pare [@CR35]) as tested for SEF neurons. If the color of cue 2 was the same as cue 1, it instructed *go* and the monkey followed one of the 2 moving spots during the action period. If the color of cue 2 differed from that of cue 1, it instructed *no*-*go*. The 0% correlation was used to let the monkeys choose pursuit direction themselves during action as used in our previous studies (Shichinohe et al. [@CR39]) and to examine whether discharge of MST neurons during the delay 1 and delay 2 was correlated with the direction of subsequent pursuit eye movements or *no*-*go* instruction as observed in SEF neurons.

Data analysis {#Sec5}
-------------

To analyze the discharge of each neuron, traces were aligned on the onset of cue 1. Eye position, target position, and neuronal discharge were sorted by correct direction instructed by cue 1 and cue 2. Trials for *go* and *no*-*go* were sorted separately. Mean discharge rates of individual neurons during each period (e.g., Fig. [2](#Fig2){ref-type="fig"}a, periods 2--7) were measured and compared as the mean (±SD) rate of each period versus the mean discharge rate (±SD) during the initial fixation (e.g., Fig. [2](#Fig2){ref-type="fig"}a, period 1), which acted as a control for each neuron. We defined significant differences as those having a *P*-value \<0.05 using Student's *t*-test with the Bonferroni correction for multiple comparisons (Shichinohe et al. [@CR39]). Neurons that exhibited significant modulation during our task were defined as task-related neurons. The monkeys occasionally made small eye movements during the delay periods (e.g., Fig. [2](#Fig2){ref-type="fig"}a1). Some were blinks. These eye movements did not contribute to the observed neuronal responses.Fig. 2Discharge of a representative MST neuron. **a1**--**2**, *go* trials when *leftward* (**a1**) and *rightward* (**a2**) visual motion was applied as cue 1. **b1**--**2**, *no*-*go* trials when *leftward* (**b1**) and *rightward* (**b2**) visual motion was applied as cue 1. **a3** and **b3** compare mean discharge rates during *leftward* (*thick*)/*rightward* (*thin*) cue 1 visual motion for *go* trials (**a3**) and *no*-*go* trials (**b3**)

Latencies of neuronal responses to cue 1 visual motion were determined as the time at which the mean discharge rate exceeded 2 SD of the control fixation rate. Latencies to the onset of target motion during the action period of *go* trials along the preferred directions were determined as the time at which the mean discharge rate exceeded 2 SD of the discharge during delay 2.

Histological procedures {#Sec6}
-----------------------

Near the conclusion of recordings in the 2 monkeys, some of the recording sites were marked by passing current (50 μA for 30 s) through the tip of an iron-plated tipped, tungsten electrode. After recording was completed, the monkeys were deeply anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and perfused with physiological saline followed by 3.5% formalin. After histological fixation, coronal sections were cut at 100 μm thickness on a freezing microtome. These sections were stained using the Nissl method, and the recording sites were verified microscopically as previously described (Akao et al. [@CR1]; Fujiwara et al. [@CR19]).

Results {#Sec7}
=======

Discharge of task-related neurons in MST {#Sec8}
----------------------------------------

We recorded a total of 121 task-related neurons that exhibited significant modulation during our task (See "[Data analysis](#Sec5){ref-type="sec"}"). Of these, 13 neurons did not show clear modulation during cue 1 visual motion; they were modulated mostly during the action period with or without modulation during delay periods. None of the 13 neurons exhibited direction-specific or instruction-specific discharge during delay periods. The remaining 108 neurons responded to cue 1 visual motion (73 from monkey Jl and 35 from monkey Sh). We performed further analysis for the 108 neurons. Discharge characteristics of neurons recorded in the 2 monkeys were similar. Of the 108, 98 neurons exhibited directional responses to cue 1, and 10 neurons were non-directional. The majority of them (69/108 = 64%) were also modulated during smooth pursuit eye movements during the action period. Preferred directions of visual motion responses and pursuit responses were similar in 33 neurons but were opposite in 36 neurons. All of these neurons showed strong directional selectivity, and the neurons that responded to cue 1 had large visual receptive fields, and in many of them, the ipsilateral hemifield was included.

Figure [2](#Fig2){ref-type="fig"} illustrates the discharge of a representative neuron during *go* (Fig. [2](#Fig2){ref-type="fig"}a) and *no*-*go* trials (Fig. [2](#Fig2){ref-type="fig"}b). This neuron clearly showed a directional response to cue 1 when the pattern moved leftwards both during *go* trials (Fig. [2](#Fig2){ref-type="fig"}a1 vs. a2) and *no*-*go* trials (Fig. [2](#Fig2){ref-type="fig"}b1 vs. b2) with similar response magnitudes (Fig. [2](#Fig2){ref-type="fig"}a1 vs. b1). Visual responses to cue 2 were also weakly observed during both *go* and *no*-*go* trials (Fig. [2](#Fig2){ref-type="fig"}a1 vs. a2; b1 vs. b2) with similar magnitudes. During rightward pursuit during the action period, this neuron exhibited robust discharge that occurred after the onset of pursuit eye movements (Fig. [2](#Fig2){ref-type="fig"}a2), while during leftward pursuit, the discharge rate decreased (Fig. [2](#Fig2){ref-type="fig"}a1). During the action period of *no-go* trials, it exhibited only a weak response most probably reflecting a visual response to spot motion (Fig. [2](#Fig2){ref-type="fig"}b1, b2).

Latencies of neuronal responses to cue 1 visual motion along the preferred direction for each neuron and spot motion during the action period (i.e., smooth pursuit) are summarized in Fig. [3](#Fig3){ref-type="fig"}. In response to cue 1 visual motion, the modal value was 68 ms and the mean latency was 97 ms (Fig. [3](#Fig3){ref-type="fig"}a). In response to smooth pursuit of the action period during *go* trials, the modal value was 310 ms and the mean latency was 298 ms (Fig. [3](#Fig3){ref-type="fig"}b). Only 5 neurons (7%) discharged before the onset of pursuit eye movements (Fig. [3](#Fig3){ref-type="fig"}b: open bars). The remaining neurons tested discharged after the onset of smooth pursuit eye movements (Fig. [3](#Fig3){ref-type="fig"}b, arrow). These response properties are typical of neurons in MSTd (e.g., Komatsu and Wurtz [@CR30]) and were also similar to the discharge properties of MSTd neurons in previous studies in this laboratory (Akao et al. [@CR1]; Fujiwara et al. [@CR19]).Fig. 3Latencies of neuronal responses cue 1 visual motion (**a**) and spot motion during smooth pursuit of *go* trials during the action period (**b**). *Open bars* in **b** indicate neurons that discharged before the onset of smooth pursuit eye movements. *Upward arrow* in **b** indicates mean latency of smooth pursuit eye movements during the action period

The memory-based smooth pursuit task separates the neuronal discharge related to the memory of visual motion-direction from the discharge related to preparation for pursuit eye movements (Fig. [1](#Fig1){ref-type="fig"}; Shichinohe et al. [@CR39]). Figure [2](#Fig2){ref-type="fig"}a3 superimposes the mean discharge rates of the representative neuron when the monkey performed rightward pursuit and leftward pursuit based on the memory of visual motion-direction presented at cue 1 (thin vs. thick). Similarly, Fig. [2](#Fig2){ref-type="fig"}b3 superimposes mean discharge rates during *no*-*go* trials when the direction of cue 1 visual motion was rightward and leftward (thin vs. thick).

If this neuron coded memory of visual motion-direction, the discharge rate during delay 1 should have been significantly different from the control discharge rate and the two mean traces (thin vs. thick) should also have been significantly different as we found in visual memory neurons and visual memory + movement preparation neurons in the SEF (Shichinohe et al. [@CR39]). However, during delay 1, there was no significant difference either in the modulation (vs. control) or in the discharge rate between the two traces (thin vs. thick Fig. [2](#Fig2){ref-type="fig"}a3 and b3).

If this neuron coded movement preparation or *no*-*go*, delay 2 discharge should have shown directional modulation or *no*-*go* instruction-specific discharge modulation; however, no such modulation occurred during *go* trials during delay 2 (Fig. [2](#Fig2){ref-type="fig"}a3, thin vs. thick) and *no*-*go* trials (Fig. [2](#Fig2){ref-type="fig"}b3, thin/thick vs. control). None of the 5 neurons that discharged before the onset of smooth pursuit eye movements (Fig. [3](#Fig3){ref-type="fig"}b, open bars) exhibited direction-specific discharge modulation during delay 2.

Virtually all of the 108 neurons tested (104/108 = 96%) showed no significant discharge modulation during delay 1 or delay 2 during *go* trials and *no*-*go* trials (e.g., Fig. [2](#Fig2){ref-type="fig"}). Only 4 of the 108 (4%) exhibited maintained cue 1 discharge during delay 1 during both *go* trials and *no*-*go* trials. These 4 neurons were also modulated during smooth pursuit eye movements during the action period of *go* trials. However, the delay 1 response was non-directional. Figure [4](#Fig4){ref-type="fig"}a shows an example neuron discharge that responded to leftward visual motion during cue 1 and discharged during rightward pursuit during action (Fig. [4](#Fig4){ref-type="fig"}a1, a2). The discharge rate during delay 1 was clearly higher than that during control fixation. However, as shown in Fig. [4](#Fig4){ref-type="fig"}a3, its discharge was not directional during delay 1 or delay 2 (thin vs. thick).Fig. 4Discharge of an MST neuron that exhibited significantly higher discharge rates during delay periods. **a** and **b** compare discharge modulation during *go* trials when cue 1 was presented as 100% correlation (**a**) and 0% correlation (**b**). **a1**--**2**, cue 1 was *leftward* (**a1**) and *rightward* (**a2**). **b1**--**2**, monkey's choice for pursuit direction was *leftward* (**b1**) and *rightward* (**b2**). **a3** and **b3** compare mean discharge rates for **a1**--**2** and **b1**--**2** as indicated

Discharge modulation during 0% correlation at cue 1 {#Sec9}
---------------------------------------------------

During 0% correlation, cue 1 does not provide the necessary information about the direction of visual motion (Newsome and Pare [@CR35]). As reported earlier (Shichinohe et al. [@CR39]), our monkeys pursued one of the two moving spots randomly with nearly equal probability during the action period during *go* trials (See also "[Materials and methods](#Sec2){ref-type="sec"}"). Previous studies indicate that the delay 1 activity of visual memory + movement preparation neurons in the SEF covaried with both the delay 2 activity and the monkeys' choice for final pursuit eye movement direction (Shichinohe et al. [@CR39]), reflecting the monkeys' assessment of visual motion-direction (delay 1) and choice of pursuit direction preparation (delay 2). In the present study, we tested whether MSTd neurons that showed delay 1 response during 100% correlation at cue 1 exhibited a directional response during delay 1 correlated with the monkey's choice of pursuit direction during 0% correlation at cue 1.

We sorted individual trials based on the monkeys' choice of either the preferred direction during the action period or the anti-preferred direction for each neuron (tested by 100% correlation). Figure [4](#Fig4){ref-type="fig"}a shows discharge of the example neuron shown in Fig. [4](#Fig4){ref-type="fig"}a when the monkey performed leftward pursuit (Fig. [4](#Fig4){ref-type="fig"}b1) and rightward pursuit (Fig. [4](#Fig4){ref-type="fig"}b2) during 0% correlation at cue 1. Discharge modulation during delay 1 was virtually identical for these two pursuit directions (Fig. [4](#Fig4){ref-type="fig"}b1 vs. b2). Although the delay 1 activity was significantly higher than the control discharge rate, there was no directional selectivity correlated with the pursuit direction during the action periods. This is clearly shown by the superimposed mean discharge rates in Fig. [4](#Fig4){ref-type="fig"}b3 (delay 1, thin vs. thick). The delay 2 activity of this neuron was also significantly higher than the control discharge rate but without directional selectivity (Fig. [4](#Fig4){ref-type="fig"}b3, thin vs. thick).

Figure [5](#Fig5){ref-type="fig"}a shows the time course of mean discharge rate of 10 MST neurons in which 0 and 100% correlation was tested at cue 1. Cue 1 responses during 100% correlation were clearly directional (Fig. [5](#Fig5){ref-type="fig"}a1), but discharge during delay 1 and delay 2 was virtually identical; 0% correlation at cue 1 (Fig. [5](#Fig5){ref-type="fig"}a2) resulted in virtually identical responses during cue 1, delay 1, and delay 2 even though these neurons clearly showed directional responses during the action period based on the monkeys' choice of preferred- and anti-preferred direction of each neuron during the action period (Fig. [5](#Fig5){ref-type="fig"}a1, a2).Fig. 5Mean discharge rates of MST neurons during *go* trials when cue 1 was presented as 100 and 0% correlation and comparison with SEF visual memory + movement preparation neurons. **a1**, *blue and pink traces* compare mean (±SE) discharge rates of 10 MST neurons in their preferred directions (*blue*) and anti-preferred directions (*pink*) at cue 1 when cue 1 was 100% correlation. **a2**, *green and pink traces* compare mean discharge rates of the same 10 MST neurons based on whether the monkeys pursued in the preferred directions of individual neurons during action period (*pink*) or anti-preferred directions (*green*) when cue 1 was 0% correlation. **b1** plots mean (±SE) discharge rates of 10 SEF visual memory + movement preparation neurons in their preferred directions during delay 2 when cue 1 was 100% correlation. *Red traces* in **b2** plot mean (± SE) discharge rates of the same 10 SEF neurons when the monkeys pursued in the preferred directions of individual neurons during delay 2 when cue 1 was 0% correlation. *Black trace* in **b2** is mean discharge rate of the same 10 SEF neurons in their anti-preferred directions during delay 2 when cue 1 was 0% correlation. Traces in **b2** are reanalyzed data obtained in the experiment published in Shichinohe et al. ([@CR39])

For comparison, mean discharge rates of SEF visual memory + movement preparation neurons (*n* = 10) are shown in Fig. [5](#Fig5){ref-type="fig"}b during 100 and 0% correlation at cue 1 during *go* trials from previous studies (Shichinohe et al. [@CR39]). In both 100 and 0% correlation conditions (Fig. [5](#Fig5){ref-type="fig"}b1 and b2), these SEF neurons exhibited directional delay 1 and delay 2 responses. These results indicate that the MST tested neurons did not code directional signals during delay periods, although their discharge accurately reflected visual motion and/or visual stimuli applied on the retina (See "[Discussion](#Sec10){ref-type="sec"}").

In both monkeys, recording tracks passed through the rostral bank of the superior temporal sulcus within or in close vicinity of MSTd, similar to the recording locations reported earlier (Akao et al. [@CR1]; Fujiwara et al. [@CR19]). The 4 neurons that exhibited maintained cue 1 discharge during delay 1 during both *go* trials and *no*-*go* trials (Fig. [4](#Fig4){ref-type="fig"}) were recorded intermixed with other neurons that did not exhibit such discharge.

Discussion {#Sec10}
==========

In the memory-based smooth pursuit task, we used 2 cues: cue 1 for visual motion and cue 2 for decision to prepare to pursue (i.e., *go*) or not to pursue (i.e., *no*-*go*). Based on the memory of the visual motion-direction presented at cue 1 and the *go*/*no*-*go* instruction presented at cue 2, our monkeys had to select the correct pursuit direction or not pursue at all. Our results indicate that none of 108 task-related MSTd neurons tested exhibited directional delay 1 or delay 2 activity or delay 2 activity specific to *no*-*go* instruction (e.g., Figs. [3](#Fig3){ref-type="fig"}, [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}a). Comparison of discharge modulation of MST neurons with SEF visual memory + movement preparation neurons in previous studies (Fig. [5](#Fig5){ref-type="fig"}a vs. b) indicates a clear difference in signals represented in neurons in the two areas during memory-based smooth pursuit (Shichinohe et al. [@CR39]).

In the present study, we tested the possibility that MSTd sends signals coding memory and assessment of visual motion-direction to the SEF for the following reasons: (1) MSTd is involved in visual motion processing (Saito et al. [@CR38]; Dürsteler and Wurtz [@CR16]; Komatsu and Wurtz [@CR30],b; Newsome et al. [@CR36]; Graziano et al. [@CR22]) and has also been suggested to be involved in perception and/or memory of visual motion (Celebrini and Newsome [@CR9], [@CR10]; Britten and Wezel [@CR8], [@CR7]; Kawawaki et al. [@CR29]; Gu et al. [@CR23], [@CR24]; Liu and Angelaki [@CR34]); and (2) MST, especially MSTd, sends direct projections to the SEF (see Fig. 13P, Q, R of Huerta and Kaas [@CR27]). Our negative results suggest that, unlike visual memory + movement preparation neurons in the SEF, at least the MSTd neurons we tested are not directly involved in perceiving visual motion-direction or movement preparation in our task conditions (Fig. [5](#Fig5){ref-type="fig"}a vs. b). Our results are consistent with a previous report showing that single MST neuronal activity is dissociated from a monkeys' behavioral choice in a two-alternative, forced choice-task using optic flow information (Heuer and Britten [@CR26]).

Of note is that we observed significantly higher discharge rates during delay 1 and delay 2 in a few MSTd neurons *(4/108* = 4%); however, their discharge during cue 1 at 0% correlation condition and during delay 1 was not directional (Figs. [4](#Fig4){ref-type="fig"}a, b, [5](#Fig5){ref-type="fig"}a). These results imply 2 points as follows: (1) MSTd neuronal discharge during cue 1 accurately reflected visual motion and/or visual stimuli applied on the retina, which is important for further conversion of visual motion signals. (2) But, unlike visual memory + movement preparation neurons in the SEF (Fig. [5](#Fig5){ref-type="fig"}b), MSTd neurons did not provide useful directional information during delay 1 or delay 2 to prepare for pursuit directions (Figs. [4](#Fig4){ref-type="fig"}b, [5](#Fig5){ref-type="fig"}a). We think that their activity during delay periods (Figs. [4](#Fig4){ref-type="fig"}b, [5](#Fig5){ref-type="fig"}a) most probably reflected an effect of attention (e.g., Recanzone and Wurtz [@CR37]).

By manipulating visual inputs during pursuit eye movements, Newsome et al. ([@CR36]) demonstrated that the extraretinal, pursuit response of MSTd neurons begins at least 50 ms after onset of the smooth pursuit eye movements. They suggested that this response most likely derives from corollary discharge mechanisms and that MST plays a role in generating the motor signals responsible for the maintenance of ongoing pursuit. The present results showing lack of movement preparation signals (Figs. [2](#Fig2){ref-type="fig"}, [5](#Fig5){ref-type="fig"}a) and late onset of MSTd neuron modulation (Fig. [3](#Fig3){ref-type="fig"}b) during the action period of *go* trials are consistent with their observation (Newsome et al. [@CR36]).

It is possible that visual motion-direction information sent to the SEF from MSTd is further processed in the SEF to create the memory and assessment of visual motion-direction (Shichinohe et al. [@CR39]; also See "[Discussion](#Sec10){ref-type="sec"}" of Fukushima et al. [@CR21]). However, we do not exclude the possibility that there may be another type of neurons coding memory and assessment of visual motion-direction in the MSTd that we missed (Ferrera and Lisberger ([@CR17]). Also, we did not record in MSTl where visual tracking neurons are located (e.g., Thier and Erickson [@CR40]; Bremmer et al. [@CR5], [@CR6]; Dicke and Thier [@CR14]; Ilg et al. [@CR28]), and the possibility remains that MSTl neurons may have signals similar to the SEF. Furthermore, our results do not preclude the possibility that signals similar to the SEF may be found in the visual posterior sylvian area (VPS, Guldin and Grüsser [@CR25]; Dicke et al. [@CR15]) and the ventral intraparietal cortex (VIP, Colby et al. [@CR11]). In preliminary studies, we recorded 10 VIP neurons in the same monkeys; however, their discharge characteristics were similar to MSTd neurons in the present study and none of them exhibited directional delay 1 or delay 2 activity or *no*-*go* instruction-specific delay 2 activity (Akao et al. unpublished observations). Dicke et al. ([@CR15]) reported that percept-related neurons were more frequent in VPS than in V1 and MT/MST. Single neuron recording in MSTl, VPS, and VIP would be necessary during memory-based smooth pursuit eye movements in future studies to test whether these areas signal memory of visual motion-direction.

In summary, our results indicate that MSTd neurons signal visual motion accurately, but they are unlikely to provide signals for memory of visual motion-direction or preparation for pursuit eye movement during memory-based smooth pursuit eye movements.
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